Microbial adhesion to surfaces and the consequent biofilm formation has been documented in many different environments. Biofilms constitute a protected mode of growth that allows microorganisms to survival in hostile environments, being their physiology and behavior significantly different from their planktonic counterparts. In dairy industry, biofilms may be a source of recalcitrant contaminations, causing food spoilage and are possible sources of public health problems such as outbreaks of foodborne pathogens. Biofilms are difficult to eradicate due to their resistant phenotype. However, conventional cleaning and disinfection regimens may also contribute to inefficient biofilm control and to the dissemination of resistance. Consequently, new control strategies are constantly emerging with main incidence in the use of biosolutions (enzymes, phages, interspecies interactions and antimicrobial molecules from microbial origin).
Introduction
More than 60 years after the first report on biofilms (Zobell, 1943) , they are still a concern in a broad range of areas, and specifically in the food, environmental and biomedical fields (Flint, Bremer, & Brooks, 1997; Maukonen et al., 2003; Sihorkar & Vyas, 2001; Veran, 2002) . It is a natural tendency of microorganisms to attach to wet surfaces, to multiply and to embed themselves in a slimy matrix composed of extracellular polymeric substances (EPS) that they produce, forming a biofilm. Biofilms are problematic in particular food industry sectors such as brewing, dairy processing, fresh produce, poultry processing and red meat processing (Chen, Rossman, & Pawar, 2007; Frank, Ehlers, & Wicker, 2003; Jessen & Lammert, 2003; Somers & Wong, 2004) . Within the food industry, biofilm formation in dairy processing plants is a significant problem. Commonly when contamination of dairy products occurs the source of the problems is biofilm-related. There is good evidence indicating that the biofilm mode of life leads to increased resistance to antimicrobial products (Langsrud, Sidhu, Heir, & Holck, 2003; Simõ es & Vieira, 2009; . Biofilms are more resistant to antimicrobials compared to planktonic cells and this makes their elimination from food processing facilities a big challenge (Simõ es & Vieira, 2009; Simões et al., 2006) . Moreover, the emergence of resistant bacteria to conventional antimicrobials clearly shows that new biofilm control strategies are required (Sidhu, Langsrud, & Holck, 2001; Simões et al., 2006) .
Biofilms in the dairy industry
The main sources of contamination of milk and related products are commonly due to improper cleaning and disinfection of equipment (Gibson, Taylor, Hall, & Holah, 1999; Jessen & Lammert, 2003) . It is of utmost importance to sanitize the processing equipment taking into account both the inorganic composition of the deposits and also the constitutive microflora. Dairy biofilms are predominated by bacterial extracellular polymeric substances (EPS) and milk residues, mostly proteins and calcium phosphate (Flint et al., 1997; Mittelman, 1998) . The formation of biofilms on dairy industry equipment can lead to serious hygiene problems and economic losses due to food spoilage and equipment impairment (Bremer, Fillery, & McQuillan, 2006; Gram, Bagge-Ravn, Ng, Gymoese, & Vogel, 2007) . Microorganisms in biofilms catalyze chemical and biological reactions causing metal corrosion in pipelines and tanks, and they can reduce the heat transfer efficacy if biofilms become sufficiently thick at plate heat exchangers and pipelines (Mittelman, 1998; Vieira, Melo, & Pinheiro, 1993) . A significant number of reports have appeared on the persistence of some foodborne pathogens on food contact surfaces and biofilms, affecting the quality and safety of the food products. Outbreaks of pathogens associated with biofilms have been related to the presence of Listeria monocytogenes, Yersinia enterocolitica, Campylobacter jejuni, Salmonella spp. Staphylococcus spp. and Escherichia coli O157:H7 (Aarnela, Lundé n, Korkeala, & Wirtanen, 2007; Dykes, Sampathkumar, & Korber, 2003; Kumar & Anand, 1998; Lapidot, Romling, & Yaron, 2006; Sharma & Anand, 2002a; Somers, Schoeni, & Wong, 1994; Waak, Tham, & Danielsson-Tham, 2002; Wong, 1998) . Foodborne pathogens can enter the milk processing equipment by direct contact with contaminants in the dairy farm environment (e.g. faecal contamination and udders of infected animal) and also through the water used in the milking machines (Oliver, Jayarao, & Almeida, 2005) . These contaminating microorganisms can form biofilms that are difficult to eradicate and can act as a harbour and/or substrate for other microorganisms less prone to biofilm formation, increasing the probability of pathogen survival and further dissemination during food processing (Lapidot, Romling, et al., 2006; Lehner et al., 2005; Lomander, Schreuders, Russek-Cohen, & Ali, 2004; Møretrø & Langsrud, 2004) . Postpasteurization contaminations of milk products are mainly due to the filling machines (Dogan & Boor, 2003; Waak et al., 2002) . Biofilms that can develop on the sides of gaskets may also be a source of post-pasteurization contamination (Austin & Bergeron, 1995) . Environmental surfaces such as floors and walls may also be indirect sources of contamination e.g. transference to the food products by vectors such as air, people and cleaning systems (Gibson et al., 1999; Holah, 1992) .
In dairy environments, the most commonly encountered bacteria belong to the genus Enterobacter, Lactobacillus, Listeria, Micrococcus, Streptococcus, Bacillus (Fig. 1) and Pseudomonas (Salo, Ehavald, Raaska, Vokk, & Wirtanen, 2006; Sharma & Anand, 2002a; Waak et al., 2002; Wiedmann, Weilmeier, Dineen, Ralyea, & Boor, 2000) . Pseudomonas spp. are one of the most important bacteria causing spoilage of conventionally pasteurized liquid milk products, acting by two different routes. First, they produce the majority of lipolytic and proteolytic enzymes secreted into raw milk during pre-processing storage, even in psychrotropic environments. Many of these enzymes can survive pasteurization and even ultra-hightemperature treatments and can thus reduce the sensory quality and shelf life of the processed liquid milk products. Second, Pseudomonas spp. can act in the post-pasteurization process, causing spoilage of conventionally pasteurized milk during refrigerated storage (Dogan & Boor, 2003; Wiedmann et al., 2000) . Wong (1998) reported that undesirable microorganisms such as Lactobacillus curvatus and Lactobacillus fermentum persisted on milk residues in cheese processing plants even after repeated cleaning. Bacillus spp., particularly Bacillus cereus, are implicated in food spoilage (Andersson, Ronner, & Granum, 1995; Janneke et al., 2007) . In a commercial dairy plant B. cereus accounted for more than 12% of the biofilms constitutive microflora (Sharma & Anand, 2002b) . As B. cereus is ubiquitously present in nature, it is easily spread through food production systems, and contamination with this species is almost inevitable. Moreover, B. cereus spores are both highly resistant to a large number of stresses and very hydrophobic, which causes them to adhere easily to food processing equipment (Lindsay, Brö zel, & von Holy, 2006) . Listeria spp. have been found in different places of dairy plants (Vilar, Yus, Sanjuan, Dieguez, & Rodriguez-Otero, 2007; Waak et al., 2002) . L. monocytogenes has been recognized as an important foodborne pathogen ever since an outbreak of listeriosis in Canada was linked to the consumption of contaminated coleslaw (Schlech et al., 1983) . This bacterium is considered by many food hygienists as a major food safety challenge in the dairy industry. The psychrotrophic nature of L. monocytogenes allows replication in refrigerated ready-to-eat food products that were contaminated during processing and packaging. Consequently, L. monocytogenes is frequently associated with foodborne disease outbreaks that are characterized by widespread distribution and relatively high mortality rates (Borucki, Peppin, White, Loge, & Call, 2003) . This bacterium may also survive for a long time in dairy processing facilities. Unnerstad et al. (1996) found that L. monocytogenes persisted in a dairy processing facility for 7 years.
The time available for biofilm formation will depend on the frequency of cleaning and disinfection regimes. Product contact surfaces, such as the milking machines, may typically be cleaned several times per day, while environmental surfaces such as walls may only be cleaned once per day. Therefore, there is more time for biofilm formation on environmental surfaces. Gibson, Taylor, Hall, and Holah (1995) reported that, although attachment to a variety of surfaces in the food processing environment readily occurred, extensive surface colonization and biofilm formation occurred on environmental surfaces. Product contact surfaces may contaminate the product directly i.e. the product touching or passing over the surface will potentially pick up microbial contamination.
Effective control of undesirable biofilms can be achieved by understanding the type and nature of the contaminating residue materials (carbohydrates, fat, proteins, mineral salts) and the microorganisms to be removed from the surfaces. Furthermore, the selection of detergents and disinfectants depends on their efficacy, safety and ease of removal; specifically relating to the corrosive nature of the chemical treatments and the subsequent sensory value effects on the final products (Mosteller & Bishop, 1993; Wirtanen, Saarela, & Mattila-Sandholm, 2000) . Greater residue removal in the pre-rinse steps aids further cleaning efforts by reducing the quantities of cleaning products used. The equipment design and choice of surface materials are important in preventing biofilm formation. The most practical material in processing equipment is steel, which can be treated with mechanical grinding, brushing, lapping, and electrolytic or mechanical polishing (Maukonen et al., 2003) . A prerequisite for an efficient sanitation programme is that the process equipment has been designed with high standards of hygiene in mind. Dead ends, corners, cracks, crevices, gaskets, valves and joints are vulnerable points for biofilm accumulation (Chmielewski & Frank, 2006) . The most effective sanitation programme cannot make up for basic deficiencies in equipment design and if design faults exist sanitation can never be totally effective. Provided that the equipment and processing environment are hygienically designed (with no crevices, dead spaces, surface material, etc), an effective cleaning and disinfection programme is the main strategy to control surface route contaminations. An effective sanitation programme removes undesirable material from the surfaces, including microorganisms, residues, foreign bodies and residual cleaning products (Dosti, Guzel-Seydim, & Greene, 2005) .
Cleaning-in-place (CIP) procedures are usually employed in milk processing lines. The basic sequence of operations is: 1. a prerinse with cold water to remove gross residues; 2. the circulation of detergent to remove remaining minor residues; 3. an intermediate cold water rinse to flush out detergent; 4. the circulation of disinfectant to inactivate and kill any residual microorganisms; 5. a final cold water rinse to flush out detergent (Forsythe & Hayes, 1998) . Nevertheless, the limitation of CIP procedures still is the residual microorganisms on the equipment surfaces, resulting in biofilm formation (Bremer et al., 2006; Kumar & Anand, 1998; Sharma & Anand, 2002b) . Dufour, Simmonds, and Bremer (2004) tested a CIP regime against dairy biofilms (water rinse, 1% sodium hydroxide at 70 C for 10 min, water rinse, 0.8% nitric acid at 70 C for 10 min, water rinse) followed by exposure to either chlorine or combinations of nisin, lauricidin and the lactoperoxidase system for defined exposure periods. This strategy was inefficient in the total biofilm control. The CIP regime provided significant variation in reducing the viable cell numbers (log reduction between 0 and 2). The additional antimicrobial treatment resulted in a maximum log reduction of 2.8, verified 2 h after chlorine exposure. Bremer et al. (2006) also reported the inefficacy of a standard CIP regime (water rinse, 1% sodium hydroxide at 65 C for 10 min, 1% nitric acid for 10 min, water rinse) to remove bacteria attached to surfaces.
An independent quality control system to monitor the cleaning results for a dairy plant can be integrated in the Hazard Analysis Critical Control Points (HACCP) program. Evaluation of biofilm sanitation should be part of the HACCP development plan in order to control those biofilms prevalent in the processing areas (Sharma & Anand, 2002b) . Moreover, impairing the formation of biofilms can be achieved through a better knowledge of the mechanisms that contribute to their formation, development and maintenance (Simõ es, Sillankorva, Pereira, Azeredo, & Vieira, 2007) .
Biofilm formation
There are a number of mechanisms by which numbers of microbial species are able to come into closer contact with a surface, attach firmly to it, promote cell-cell interactions and grow as a complex structure (Breyers & Ratner, 2004) . Biofilm formation comprises a sequence of steps (Breyers & Ratner, 2004) . As biofilm formation mechanisms will only be discussed briefly, the reader is directed to several excellent comprehensive reviews on this area (Breyers & Ratner, 2004; Chmielewski & Frank, 2003; Donlan & Costerton, 2002; Hall-Stoodley & Stoodley, 2002; O'Toole, Kaplan, & Kolter, 2000; Verstraeten et al., 2008) .
At present, processes governing biofilm formation that have been identified include ( Fig. 2 ): 1. pre-conditioning of the adhesion surface either by macromolecules present in the bulk liquid or intentionally coated on the surface; 2. Transport of planktonic cells from the bulk liquid to the surface; 3. Adsorption of cells at the surface; 4. Desorption of reversibly adsorbed cells; 5. Irreversible adsorption of bacterial cells at a surface; 6. Production of cell-cell signalling molecules; 7. Transport of substrates to and within the biofilm; 8. Substrate metabolism by the biofilm-bound cells and transport of products out of the biofilm. These processes are accompanied by cell growth, replication, and EPS production; 9. Biofilm removal by detachment or sloughing (Breyers & Ratner, 2004) .
The attachment of microorganisms to surfaces and the subsequent biofilm development are very complex processes, affected by several variables (Table 1) . In general, attachment will occur most readily on surfaces that are rougher, more hydrophobic, and coated by surface conditioning films (Chae, Schraft, Truelstrup, & Mackereth, 2006; Donlan, 2002; Millsap, Reid, van der Mei, & Busscher, 1997; Oulahal, Brice, Martial, & Degraeve, 2008; Patel, Ebert, Ward, & Anderson, 2007; Simões, Simõ es, Cleto, Pereira, & Vieira, 2008) . Properties of the cell surface, particularly the presence of extracellular appendages, the interactions involved in cell-cell communication and EPS production are important for biofilm formation and development (Allison, 2003; Davies et al., 1998; Donlan, 2002; Parsek & Greenberg, 2005; Sauer & Camper, 2001 ). An increase in flow velocity or nutrient concentration may also equate to increased attachment, if these factors do not exceed critical levels (Simõ es, Sillankorva, et al., 2007; Stoodley, Lewandowski, Boyle, & Lappin-Scott, 1999; Vieira et al., 1993) . The biological aspects regulating biofilm formation, referred in Table 1 , will be briefly described in the following sections.
Specialized attachment structures/surface properties of the cell
Cell surface hydrophobicity and the presence of extracellular filamentous appendages may influence the rate and the extent of microbial attachment. The hydrophobicity of the cell surface is important in adhesion because hydrophobic interactions tend to increase with an increasing non-polar nature of one or both surfaces involved, i.e., the microbial cell and the adhesion surface (Donlan, 2002) . According to Drenkard and Ausubel (2002) , the ability of bacteria to attach to each other and to surfaces depends in part on the interaction of hydrophobic domains.
Many cells produce extracellular filamentous appendages. These may, therefore, play a role in the attachment process. In fact, their radius of interaction with the surface is far lower than that of the cell itself. A number of such structures are known to exist -flagella, pili or fimbrae, prothecae, stalks and hold-fast (Harbron & Kent, 1988) .
Flagella, when existent, are responsible for the motility of bacteria. These are very fine threads of the protein flagellin with a helical structure extending out from the cytoplasm through the cell wall. Flagella may have a diameter between 0.01 and 0.02 mm, and a length of up to 10 mm. Many types of bacteria have flagella, including the genus Pseudomonas. It is possible that the flagellum itself may form an adhesive bond with the adhesion surface (Harbron & Kent, 1988) . The primary function of flagella in biofilm formation is assumed to be in transport and in initial cell-surface interactions (Sauer & Camper, 2001) . Flagella-mediated motility is believed to overcome repulsive forces at the surface of the substratum and, as a consequence, a monolayer of cells forms on the adhesion surface (Daniels, Vanderleyden, & Michiels, 2004) .
Pili or fimbriae are found on many Gram-negative bacteria including Pseudomonas species. They are fine, filamentous appendages, also of protein, 4-35 nm wide and up to several micrometers long (Harbron & Kent, 1988) . These structures are usually straight, and are not involved in motility. Their only known general function is to make cells more adhesive, since bacteria with pili can adhere strongly to other bacterial cells and inorganic particles (Harbron & Kent, 1988) . Nevertheless, they are not always involved in the attachment process even if they are present (Characklis & Cooksey, 1983) . According to Sauer and Camper (2001) , pili and pilus-associated structures have been shown to be important for the adhesion to and colonization of surfaces, probably by overcoming the initial electrostatic repulsion barrier that exists between the cell and the substratum.
Prosthecae and stalks form a third group of attachment structures. These occur in several types of microorganisms. They may occur at one or more sites on the cell surface, and are filiform or blunt extensions (commonly 0.2 mm) of the cell wall and membrane (Harbron & Kent, 1988) . At the end of a prosthecae or stalk is usually found an adhesive disk, or hold-fast. The stalk and hold-fast structure is quite often used by diatoms to attach to a surface (Harbron & Kent, 1988) .
Extracellular polymeric substances (EPS)
EPS are responsible for binding cells and other particulate materials together (cohesion) and to the surface (adhesion) (Allison, 2003; Characklis & Wilderer, 1989; Sutherland, 2001) . The general composition of bacterial EPS comprises polysaccharides, proteins, nucleic acids, lipids, phospholipids, and humic substances (Jahn & Nielsen, 1998; Sutherland, 2001; Wingender, Neu, & Flemming, 1999) . According to Tsuneda, Aikawa, Hayashi, Yuasa, and Hirata (2003) , proteins and polysaccharides account for 75-89% of the biofilm EPS composition, indicating that they are the major components.
Biofilms form a gel phase where microorganisms live inside (Sutherland, 2001; Wingender et al., 1999) . The EPS matrix acts as a barrier in which diffusive transport prevails over convective transport (Sutherland, 2001) . A function frequently attributed to EPS is their general protective effect on biofilm microorganisms against adverse conditions. As an example, it has frequently been observed that biofilm cells can tolerate high concentrations of biocides (Foley & Gilbert, 1996; Mah & O'Toole, 2001; Simões & Vieira, 2009; Simões, Pereira, & Vieira, 2005) . This is supposed to be due mainly to physiological characteristics of biofilm bacteria, but also to a barrier function of EPS (Morton, Greenway, Gaylarde, & Surman, 1998; Simõ es et al., 2005) . The EPS matrix delays or prevents antimicrobials from reaching target microorganisms within the biofilm by diffusion limitation and/or chemical interaction with the extracellular proteins and polysaccharides (Heinzel, 1998; Mah & O'Toole, 2001) . Moreover, within the EPS matrix the molecules required for cell-cell communication and community behavior may accumulate at concentrations high enough to be effective (Pearson, Delden & Iglewski, 1999; Sutherland, 2001) .
The role of EPS components other than polysaccharides and proteins (fundamental structural elements of the biofilm matrix determining the mechanical stability of biofilms) remains to be established (Wingender et al., 1999) . Bacterial alginates represent an example of the few EPS which have been studied in detail, however, under the aspects of their relevance as a general virulence factor in infection processes of plants, animals, and man as well as in terms of their potential commercial exploitation (Wingender et al., 1999) . Lipids and nucleic acids might significantly influence the rheological properties and thus the stability of biofilms (Neu, 1996) . The extracellular DNA is required for the initial establishment of biofilms by Pseudomonas aeruginosa, and possibly for biofilms formed by other bacteria that specifically release DNA (Whitchurch, Tolker-Nielsen, Ragas, & Mattick, 2002) .
Cell-cell communication
The driving force in bacterial community development is the self-organization and cooperation among cells, rather than the classical ''competitive'' natural selection of individual microorganisms (Daniels et al., 2004; Davies et al., 1998; Fuqua & Greenberg, 2002; Parsek & Greenberg, 2005) . This concept becomes particularly apparent when examining bacterial biofilm communities (Parsek & Greenberg, 2005; Surette, Miller, & Bassler, 1999) . Cellcell signalling has been demonstrated to play a role in cell attachment and detachment from biofilms (Daniels et al., 2004; Donlan, 2002) . Bacteria are considered to be far from solitary microorganisms, and in fact are colonial by nature and exploit elaborate (Davies et al., 1998; Fuqua & Greenberg, 2002; Sauer & Camper, 2001 ). The successful adaptation of bacteria to changing natural conditions is dependent on their ability to sense and respond to the external environment and modulate gene expression accordingly (Daniels et al., 2004) . Quorum sensing is based on the process of autoinduction (Eberhard et al., 1981) . The process of quorum sensing provides a mechanism for self-organization and regulation of microbial cells (Parsek & Greenberg, 2005) . It involves an environmental sensing system that allows bacteria to monitor and respond to their own population densities. The bacteria produce a diffusible organic signal, originally called an auto-inducer (AI) molecule, which accumulates in the surrounding environment during growth (Fuqua & Greenberg, 2002) . High cell densities result in high concentrations of signal, and induce expression of certain genes and/or physiological changes in neighbouring cells (Fuqua, Winans, & Greenberg, 1996; Parsek & Greenberg, 2005) . A response to chemical signals in the process of cell communication is a concentration dependent process, where a critical threshold concentration of the signal molecule must be reached before a physiological response is elicited (Decho, 1999; Fuqua & Greenberg, 2002) . Oligopeptides and N-acylhomoserine lactones (AHL) are major AI molecules involved in intra-specific communication in Gram-positive and Gram-negative bacteria, respectively, whereas boronated diester molecules (AI-2) are involved in inter-specific communication among both Gram-positive and Gram-negative bacteria (Eberhard et al., 1981; Fuqua & Greenberg, 2002; Parsek & Greenberg, 2005) . AHL (AI-1) are the best characterized molecules (Eberhard et al., 1981; Ryan & Dow, 2008) . Quorum sensing systems are known to be involved in a range of important microbial activities. These include extracellular enzyme biosynthesis, biofilm development, antibiotic biosynthesis, biosurfactant production, EPS synthesis and extracellular virulence factors in Gram-negative bacteria (Beck von Bodman & Farrand, 1995; Daniels et al., 2004; Davies et al., 1998; Fux, Costerton, Stewart, & Stoodley, 2005; Passador, Cook, Gambello, Rust, & Iglewski, 1993; Pearson, Passador, Iglewski, & Greenberg, 1995) .
Approach for biofilm mitigation -biofilm prevention
Ideally, preventing biofilm formation would be a more logical option than treating it. However, there is presently no known technique that is able to successfully prevent or control the formation of unwanted biofilms without causing adverse side effects. The main strategy to prevent biofilm formation is to clean and disinfect regularly before bacteria attach firmly to surfaces (Midelet & Carpentier, 2004; Simõ es et al., 2006) . Biofilm detectors were already developed to monitor the surface colonization by bacteria and allow the control of biofilms in the early stages of development (Pereira, Mendes, & Melo, 2008; Philip-Chandy et al., 2000) . Pereira et al. (2008) developed a mechatronic surface sensor able to detect biofilms in the early stages of development. This sensor was also able to detect the presence of cleaning products in a surface, identify when it was biologically and chemically cleaned and measure the rate of cleaning (Pereira, Mendes, & Melo, 2009 ). Other preventive strategies attempted to identify materials that do not promote or can even suppress biofilm formation (Rogers, Dowsett, Dennis, Lee, & Keevil, 1994) . This study ranked different materials according to their biofilm growth propensity concluding that there is hardly any material that does not allow biofilm formation (Rogers et al., 1994) . Moreover, biofilm formation may vary with the microbial species present and with the environmental conditions (Simões, Simõ es, & Vieira, 2007) . Frank and Chmielewski (2001) tested the influence of surface finish on the ease of cleaning of stainless steel soiled with either cultured milk inoculated with spores of Bacillus stearothermophilus or by growth of Pseudomonas sp. biofilms. The research conclusions indicated a higher significance of surface defects/roughness on the ease of surface cleaning rather than the surface finishing type.
Inhibition of biofilm formation by limitation of the carbon source is a virtually impossible procedure, as ultra-pure water systems have been found to support the formation of biofilms (Griebe & Flemming, 1998) . Another approach is to supply the microorganisms with growth factors, so surface attachment is no more a benefit for them (Meyer, 2003) .
Several attempts have been made to avoid biofilm formation by the incorporation of antimicrobial products into surface materials (Park, Daeschel, & Zhao, 2004; Weng, Chen, & Chen, 1999) , by coating surfaces with antimicrobials (Gottenbos, van der Mei, Klatter, Nieuwenhuis, & Busscher, 2001; Thouvenin et al., 2003; Tsibouklis et al., 2000) or by modifying the surfaces physicochemical properties (Rosmaninho et al., 2007; Whitehead, Collingon, & Verran, 2004 . Gottenbos et al. (2001) demonstrated a reduction in infection rate using silicone rubber implants with covalently coupled quaternary ammonium coatings. Other authors reported biofilm formation inhibition by coating surfaces with silver (Hashimoto, 2001; Klueh, Wagner, Kelly, Johnson, & Bryers, 2000) . These studies focused on biomedical applications but the approaches may also be useful in the dairy industry if restricted to some parts of the process equipment such as valves, dead ends or where biofilms are more prone to form and difficult to control. In fact, possible carry over of antimicrobials into food products is a concern when coatings release antimicrobial products.
Cloete and Jacobs (2001) reported that surface pre-conditioning with surfactants has potential to prevent bacterial adhesion. Nonionic and anionic surfactants were evaluated in preventing the adhesion of P. aeruginosa to stainless steel and glass surfaces. The surfactants gave more than 90% inhibition of adhesion. More recently, other studies (Meylheuc, Renault, & Bellon-Fontaine, 2006; Pereira et al., 2006; Splendiani, Livingston, & Nicolella, 2006) reinforced the efficiency of surfactants and surface pre-conditioning on biofilm formation control. Splendiani et al. (2006) screened 22 surfactants for their potential to increase the cell wall charge of a Burkholderia sp. strain and reduce the ability to attach and form biofilms. The authors demonstrated that some surfactants affected the development of flagella, demonstrating significant changes in the bacteria attachment ability in the presence of surfactants.
Cleaning and disinfection
In the dairy industry the classical operations of cleaning and disinfection are essential parts of milk production. The efficiency with which these operations are performed greatly affects the final product quality (Bremer et al., 2006; Sharma & Anand, 2002b) . Generally, disinfectants do not penetrate the biofilm matrix left on a surface after an ineffective cleaning procedure, and thus do not destroy all the biofilm living cells . Therefore, cleaning is the first step and of utmost importance to improve the sanitation of the processing equipment (Forsythe & Hayes, 1998) . It is important to effectively remove food debris and other residues that may contain microorganisms or promote microbial growth. The use of high temperature can reduce the need for the application of physical forces such as water turbulence and scrubbing (Maukonen et al., 2003) . Chemical products commonly used for cleaning are surfactants or alkali products, used to suspend and dissolve food residues by decreasing surface tension, emulsifying fats, and denaturing proteins (Forsythe & Hayes, 1998; Maukonen et al., 2003; Mosteller & Bishop, 1993) . These chemicals are currently used as combinations. Many situations in dairy processing plants require the occasional use of acid cleaners for surfaces soiled with precipitated minerals or having high food residue/mineral content, such as milkstone. Mechanical action is recognized as being highly effective in eliminating biofilms (Srinivasan, Stewart, Griebe, Chen, & Xu, 1995) . An effective cleaning procedure must break up or dissolve the EPS matrix associated with the biofilms so that disinfectants can gain access to the viable cells (Simõ es et al., 2006) . The cleaning process can remove 90% or more of microorganisms associated with the surface, but cannot be relied upon to kill them. Bacteria can redeposit at other locations and given time, water and nutrients can form a biofilm. Therefore, disinfection must be implemented (Gram et al., 2007) . Another drawback of a cleaning process is that it is often impractical and can be costly because it usually involves equipment downtime (Jessen & Lammert, 2003; Srinivasan et al., 1995) .
Disinfection is the use of antimicrobial products to kill microorganisms. The aim of disinfection is to reduce the surface population of viable cells left after cleaning and prevent microbial growth on surfaces before production restart. Disinfectants are more effective in the absence of organic material (fat, carbohydrates, and protein based materials). Interfering organic substances, pH, temperature, water hardness, chemical inhibitors, concentration and contact time generally control the disinfectants efficacy (Bremer, Monk, & Butler, 2002; Cloete, Jacobs, & Brozel, 1998; Kuda, Yano, & Kuda, 2008) .
The disinfectants must be effective, safe and easy to use, and easily rinsed off from surfaces, leaving no toxic residues that could affect the health properties and sensory values of the final products. Nevertheless, the literature demonstrates that there is no one strategy with absolute biofilm control efficiency. Mosteller and Bishop (1993) , evaluated the efficacy of conventional antimicrobial products (iodophor, hypochlorite, acid anionic, peroxyacetic acid, fatty acid and quaternary ammonium compound sanitizers) on bacteria attached to gasket materials made of rubber and Teflon. A significant reduction in the number of attached Y. enterocolitica was only reached on Teflon surfaces treated with iodophor, hypochlorite and fatty acid sanitizers. A significant reduction in the number of attached Pseudomonas fluorescens was achieved for both surfaces when exposed to hypochlorite sanitizer. Another study published 16 years ago (Greene, Few, & Serafini, 1993) already described the high efficacy (bacteria population reduction > 99%) of ozone and a commercial chlorinated sanitizer to control P. fluorescens and Alcaligenes faecalis biofilms. However, in a biofilm control process the residual viable population, even if lower than 1% of the total population can reseed the biofilm.
The selection of disinfectants to be used in a dairy processing plant depends on the material of the processing equipment used and on the adhering microorganisms. The chemicals currently used in disinfection processes belong to the following types: acidic compounds, aldehyde-based biocides, caustic products; chlorine, hydrogen peroxide, iodine, isothiazolinones, ozone, peracetic acid, phenolics, biguanidines, surfactants (Bremer et al., 2006; Dosti et al., 2005; Rossmore, 1995; Simõ es et al., 2006; Wirtanen et al., 2000) . Table 2 shows representative antimicrobial strategies used to control biofilms formed by bacteria commonly found in dairy processing plants.
It is important to note that most of the disinfection processes that are implemented are based upon the results of planktonic tests (European Standard -EN 1276 . However, such tests do not mimic the behavior of biofilm cells and can be highly ineffective when applied to control biofilms. Biofilms have been reported as possessing susceptibilities towards antimicrobials that are 100-1000 times less than equivalent populations of free-floating counterparts (Gilbert, Allison, & McBain, 2002) . If a microbial population faces high concentrations of an antimicrobial product, susceptible cells will be inactivated. However, some cells may possess a degree of natural resistance and physiological plasticity or they may acquire it later through mutation or genetic exchange. These processes allow the microorganism to survive and grow (Davies, 2003; Gilbert & McBain, 2003; Mah & O'Toole, 2001; McBain, Rickard, & Gilbert, 2002) . The increased biofilm resistance to conventional treatments enhances the need to develop new control strategies (Simõ es, Bennett, & Rosa, 2009; Singh et al., 2002) .
6. The green strategy for biofilms control -enzymes, phages and bioregulation
Enzyme-based detergents
The use of enzyme-based detergents as bio-cleaners, also known as ''green chemicals'', can serve as a viable option to overcome the biofilm problem in the food industry. Due to the EPS heterogeneity, a mixture of enzymes may be necessary for sufficient biofilm degradation. Augustin, Ali-Vehmas, and Atroshi Table 2 Antimicrobial products applied to control biofilms formed by bacteria commonly found in dairy processing plants. (2007) (2004) demonstrated the potential application of enzymatic cleaning products against biofilms formed by microorganisms commonly found in dairy products (Lactobacillus bulgaricus, Lactobacillus lactis, Streptococcus thermophilus). However, the performance of the enzyme action was significantly reduced in the presence of milk, particularly proteolytic enzymes. Oulahal-Lagsir, Martial-Gros, Bonneau, and Blum (2003) found interesting results when synergistically applying ultrasonic waves and proteolytic and glycolytic enzymes against stainless steel attached E. coli biofilms developed with milk. A 10 s treatment resulted in removal amounts between 61 and 96% of the total biofilm. Enzymes and detergents have also been used as synergists to improve disinfectant efficacy (Jacquelin et al., 1994; Johansen, Falholt, & Gram, 1997; Parkar, Flint, & Brooks, 2004) . The combination of proteolytic enzymes with surfactants increased the wetability of biofilms formed by a thermophylic Bacillus species and, therefore, enhanced the cleaning efficiency (Parkar et al., 2004) . Jacquelin et al. (1994) also reported the synergistic action of enzymes in combination with surfactants and phenolic antimicrobials. The specificity in the enzymes mode of action makes it a complex technique, increasing the difficulty of identifying enzymes that are effective against all the different types of biofilms. Formulations containing several different enzymes seem to be fundamental for a successful biofilm control strategy. Basically, proteases and polysaccharide hydrolysing enzymes may be useful (Meyer, 2003) . Moreover, the use of enzymes in biofilm control is still limited due to the low prices of the chemicals used today compared with the costs of the enzymes. In fact, the technology and production of these enzymes and the enzyme-based detergents are mostly patent-protected. Moreover, the low commercial accessibility of different enzyme activities limits their current usage (Johansen et al., 1997) .
Control using phages
Phages are ubiquitous in nature. Bacteriophages are viruses that infect bacteria and may provide a natural, highly specific, non-toxic, feasible approach for controlling several microorganisms involved in biofilm formation (Kudva, Jelacic, Tarr, Youderian, & Hovde, 1999) . The technology for this has not yet been successfully developed and relatively little information is available on the action of bacteriophages on biofilms (Hughes, Sutherland, Clark, & Jones, 1998; Sillankorva, Oliveira, Vieira, Sutherland, & Azeredo, 2004; Sutherland, Hughes, Skillman, & Tait, 2004) . Moreover, the infection of biofilm cells by phages is extremely conditioned by their chemical composition and the environmental factors, such as temperature, growth stage, media and phage concentration (Chaignon et al., 2007; Sillankorva et al., 2004) .
When phages come into contact with biofilms, further interactions occur, depending on the susceptibility of the biofilm cells to the phage and to the availability of receptor sites. If the phage also possesses polysaccharide-degrading enzymes, or if considerable cell lysis is affected by the phage, the integrity of the biofilm may rapidly be destroyed. working in the control of Enterobacter agglomerans biofilms by the use of phages found that cells were lysed and the biofilms were degraded by the bacteriophage. The phage then lysed the biofilm cells, the polysaccharide polymerase enzyme degraded the EPS and caused biofilm sloughoff. However, if only one of these criteria was met, there was still a substantial degree of biofilm degradation and coexistence between phage and host bacteria . Sillankorva et al. (2004) used bacteriophages to eliminate P. fluorescens cells, showing that phages were efficient in the removal of biofilms in the early stage of development and 5 days old biofilms (up to 80% of biofilm removal), under optimal conditions. In P. aeruginosa biofilms the bacteriophage migration through the biofilms is facilitated by the reduction in alginate viscosity. This phenomenon is apparently related to the exopolysaccharide degradation by enzymes produced by the bacterial host (Hanlon, Denyer, Ollif, & Ibrahim, 2001) . A bacteriophage (L. monocytogenes phage ATCC 23074-B1) was used successfully in L. monocytogenes biofilm inactivation (Hibma, Jassim, & Griffiths, 1997) . E. coli biofilms have been shown to be susceptible to bacteriophage T4 (Doolittle, Cooney, & Caldwell, 1995) . Sharma, Ryu, and Beuchat (2005) reported the synergistic effect of an alkaline cleaner and a bacteriophage in the inactivation of E. coli O157:H7 biofilms formed on stainless steel. More recently, Lu and Collins (2007) engineered a bacteriophage to express a biofilm degrading enzyme. This enzymatic phage had the ability to attack the bacterial cells in the biofilm and the biofilm matrix, substantially reducing the biofilm cell counts (more than 99.9% of removal).
Control through microbial interactions/metabolite molecules
The existence of multiple interspecies interactions or the simple production of a metabolite can interfere with biofilm formation and development (Carpentier & Chassing, 2004; Kives et al., 2005; Røssland, Langsrud, Granum, & Sørhaug, 2005; Tait & Sutherland, 1998; Valle et al., 2006) . Competition for substrates is considered to be one of the major evolutionary driving forces in the bacterial world, and numerous experimental data obtained in the laboratory, under controlled conditions, show how different microorganisms may effectively out-compete others because of their better utilization of a given energy source (Christensen, Haagensen, Heydorn, & Molin, 2002; . Some authors (Leriche & Carpentier, 2000; Zhao, Doyle, & Zhao, 2004) found that biofilmforming microorganisms from surfaces in dairy processing facilities could play a role by interfering with the biological activities of pathogenic bacteria. Many bacteria are capable of synthesizing and excreting biosurfactants with anti-adhesive properties (Desai & Banat, 1997; Nitschke & Costa, 2007; Rodrigues, van der Mei, Teixeira, & Oliveira, 2004; van Hamme, Singh, & Ward, 2006) . Biosurfactants produced by Lactococcus lactis 53 impaired biofilm formation on silicone rubber (Rodrigues et al., 2004) . Surfactin from Bacillus subtilis disperses biofilms without affecting cell growth and prevents biofilm formation by microorganisms such as Salmonella enterica, E. coli, and Proteus mirabilis (Mireles, Toguchi, & Harshey, 2001) . Other biosurfactants demonstrated biofilm control potential (Davey, Caiazza, & O'Toole, 2003; Walencka, Ró _ zalska, Sadowska, & Ró _ zalska, 2008; Rivardo, Turner, Allegrone, Ceri, & Martinotti, 2009) . Microbial molecules, commonly used as biopreservatives, such as nisin, lauricidin, reuterin and pediocin, have been well documented for their biofilm control potential against microorganisms commonly found in dairy processing facilities, including L. monocytogenes (Dufour et al., 2004; Garcia-Almendarez, Cann, Martin, Guerrero-Legarreta, & Regalado, 2008; Mahdavi, Jalali, & Kermanshahi, 2007; Zhao et al., 2004) . Valle et al. (2006) demonstrated that E. coli expressing group II capsules release a soluble polysaccharide into their environment that induces physicochemical surface alterations, which prevent biofilm formation by a wide range of Gram-positive and Gram-negative bacteria. More recently, Davies and Marques (2009) found that P. aeruginosa produces cis-2-decenoic acid, which is capable of inducing the dispersion of established biofilms and of inhibiting biofilm development. This molecule was effectively tested, when applied exogenously, against B. subtilis, E. coli, Staphylococcus aureus, Klebsiella pneumoniae, P. aeruginosa, P. mirabilis, Streptococcus pyogenes and the yeast Candida albicans. The authors also suggested that this molecule is functionally and structurally related to the class of short-chain fatty acid signalling molecules.
Production of siderophores is a virulence factor in many microorganisms, acting as biocontrol molecules (Gram, Melchiorsen, Spanggaard, Huber, & Nielsen, 1999) . A pioneer study indicated that siderophore-containing Pseudomonas spp. culture supernatants inhibited growth of Shewanella putrefacians, as did the addition of iron-chelators (Gram, 1993) . Such biological mechanisms, alone or as part of synergistic procedures could provide a new line of efficient biofilm control strategies (Banin, Vasil, & Greenberg, 2005; Musk, Banko, & Hergenrother, 2005; Singh, Parsek, Greenberg, & Welsh, 2002) . In the particular case of L. monocytogenes, iron availability affects several bacterial properties. An iron-deficient growth leads to a decrease in this bacterium surface hydrophobicity, together with major alterations in the surface protein composition (Conte et al., 1996) . Moreover, the capacity of iron to influence bacterial growth depends not only on its concentration, but also on the bacterial species themselves. Ironbinding proteins, such as lactoferrins (mammalian non-imnune natural defenses), have been found to have bacteriostatic activity. These proteins are able to hinder the growth of E. coli and S. typhimurium (Valenti & Antonini, 2005) . This ability is based on their iron sequestration properties, making iron unavailable for bacteria. Nevertheless, an increase in iron availability will reverse the bacteriostatic activity and consequently allow bacteria to resume growth. According to the generally accepted definition, siderophores are ferric-specific microbial iron-chelator products whose biosynthesis is regulated by the availability of iron in the surrounding medium and under conditions of high iron concentrations, the production of these molecule is repressed (Machuca & Milagres, 2003) . Iron Fe 3þ ions have a very low solubility at neutral pH and, therefore, cannot be used by some microorganisms. Siderophores dissolve these ions, essential for microbial survival, microbial interactions and biofilm formation, as soluble Fe 3þ complexes that can be taken up by active transport mechanisms (Banin et al., 2005) . The discovery that many bacteria use quorum sensing to form biofilms makes it an attractive target for their control (Dunstall, Rowe, Wisdom, & Kilpatrick, 2005; Rasmussen et al., 2005) . It is conceivable that quorum sensing inhibition may represent a natural, widespread, antimicrobial strategy with significant impact on biofilm formation (Dong, Gusti, Zhang, Xu, & Zhang, 2002) . A good understanding of the cell-cell signalling phenomenon of bacteria such as L. monocytogenes can be used to control the biofilm formation process by the identification of products that can act as quorum sensing antagonists Smith, Fratamico, & Novak, 2004) . This property can lead to the development of new and efficient natural products for biofilm control.
Conclusions
Microbial control in food processing has the main aims of reduction/eradication of microbes and their activity, and the prevention/control of the formation of biological deposits on the process equipment. Nowadays, the most efficient practical means for limiting microbial growth includes good production hygiene, a rational running of the process line, and effective use of cleaning and disinfectant products. Due to the increased resistance of biofilms to conventional disinfection processes, novel means for their control are constantly sought through the control of environmental factors on the process line and the use of new control strategies.
Much more needs to be learned about the impact of antimicrobial products on microbial biofilms and their recovery responses to damage, as microorganisms can develop resistance and subsequently survive previously effective control procedures. The discovery of new biofilm control strategies, following the specifications needed to be used in food industry, and based on the use of biological-based solutions with high antimicrobial activity and specificity seem to be a step ahead in overcoming the biofilm resistance issue.
